In the present work a sixth-order hybrid WENO-Centered Difference (CD) scheme with an adaptive mesh refinement method is employed to investigate gaseous detonation by injecting a hot jet into a hydrogen-oxygen combustible mixture flowing at supersonic speed. Two-dimensional reactive Navier-Stokes (NS) equations with one-step two-species chemistry model are solved numerically. The comparison between viscous and inviscid detonation structures shows that due to the absence of both the physical viscosity in Euler equations and minimization of numerical dissipation in the hybrid WENO-CD scheme, very small-scale vortices can be observed behind the detonation front. The diffusion effect in the NS equations suppresses the small-scale vortices, but it has negligible influence on the large-scale vortices generated by Richtmyer-Meshkov (RM) instability and those along the highly unstable shear layers induced by Kelvin-Helmholtz (KH) instability. When studying the same setup in an expanding channel and beyond the point of detonation initiation, it is found that because of the diffusion effect of detached shear layers, any unburned jet flow is consumed quickly and then additional energy is released periodically. Because of the formation of multiple secondary triple points and subsequent shear layers after the shutdown of the hot jet, a highly turbulent flow is produced behind the detonation front. Rather than the commonly known RM instability, the large-scale vortices involved in the highly unstable shear layers dominate the formation of the turbulent flow and the rapid turbulent mixing between the unburned jet flow and burned product. It is found that the size of unburned jets and vortices due to KH instability is growing for larger expansion angles. The further generated turbulent flow resulting from larger sized vortices, significantly enhances the mixing rate behind the Mach stem, leading to rapid consumption of the unburned reactants. Therefore, detonations propagate faster in channels with larger expansion angle and higher expansion ratio. refinement
particularly after the jet shutdown are discussed using NS equations on the development of hydrodynamic instabilities and consequently on the propagation of the detonation wave. Finally, Section 5 concludes the paper.
Computational model 2.1 Governing equations
The two-dimensional reactive compressible flow simulations utilize the NS equations with the one-step two-species chemistry model as governing equations. Here, the simplified chemistry model is selected and fitted to physical parameters of a H2/O2 detonation. The details of the governing equations and the thermodynamic parameters of the chemistry model can be found in [17] , while the reaction model is discussed in depth in [26] . At the end of the ZND reaction zone, the temperature is about 2500 K and the pressure is about 5 1. 01325 
Numerical method
WENO schemes have been developed specifically to resolve both smooth regions and discontinuities. WENO schemes perform well for first-order hyperbolic problems, but they introduce plenty of numerical dissipation for second-order mixed equations with physical diffusion, which can 6 pollute the diffusion effect. In contrast, no numerical viscosity is introduced for schemes developed with centered stencils; yet, numerical schemes based on centered stencils generally produce numerical oscillations at discontinuities, which can create instabilities in the simulations [24, 25] .
Originally developed for large eddy simulations (LES) of turbulence, the hybrid WENO-CD scheme utilized here combines the advantages of both WENO and CD schemes. It is made up of two components: a finite-difference sixth-order WENO scheme to be used at discontinuities and a conservative sixth-order (CD) scheme for smooth-solution regions. The WENO stencil weights have been adjusted so that the optimal stencil matches the CD stencil around the matching boundaries. This can largely eliminate any dispersion errors resulting from switching between two schemes. The CD scheme imposes additional restrictions on the time integration. It is relatively easy to use explicit multistage time integration methods for the implementation with SAMR. Because of the stability properties of the explicit integration schemes, the preferred practical methods with the ability of inexpensive time adaptation in SAMR are Runge-Kutta method of third or higher order. Here the optimal third-order strong stability preserving (SSP) Runge-Kutta scheme [27] is used with a CFL parameter 0.99 in combination with time-splitting and the fourth-order accurate semi-implicit GRK4A method [28] for source term integration.
Computational setup
Here, detonation simulations are conducted in two-dimensional channels whose geometries are depicted in detail in Fig.1 . A straight channel in Fig.1 (a) is used in Section 3 while expanding channels in Fig.1 (b) are studied in Section 4. The level-set technique [29] with ghost fluid approach [16] is employed for the expanding upper boundary in Fig.1(b) . Reflecting boundary with slip wall conditions are used on the upper and lower wall, and the inflow of the hot jet is embedded within the lower domain boundary. In the viscid case, a turbulent boundary layer would develop along the inflow channel walls and its thickness will strongly depend on the length of the inflow section. Especially, at the start of the expansion section, the boundary layer will mostly detach, migrate partially into the channel interior and will only re-establish at the end of the expansion section. The process is rather complicate and can only accurately be described by simulating the entire combustion chamber. In order to eliminate this complexity and to be able to focus the present study just on the jet ignition process and immediately subsequent detonation propagation in the expansion section, we have opted to use the viscid model with slip The inflow parameters of the hot jet are set to the values of the ZND state of a detonation in H2/O2 under the condition of the inflow pressure 6700 Pa and the temperature 300 K. This gives the inflow parameters P = 86376 Pa, T =1943.8 K,  = 0.155 kg/m 3 , Energy 349208 J/mol, mass fraction of Y1 = 0.0088, mass fraction of Y2 = 0.9912. The injection velocity is specified as the sonic speed to make it a chocked hot jet with velocity of 850 m/s.
Results
As shown in Fig.1(a) , the length and height of the straight channel is X1 = 75 mm and Y1 = 25 mm, respectively. The distance between the hot jet and the head wall is X2 = 25 mm, and the width of the hot jet is X3 = 4 mm. The initial base mesh is 600×200 cells. All computations are performed on a parallel cluster using 15 nodes, where each node has 20 cores. The processors are Intel E5-2692 (Ivy Bridge) with a clock speed of 2.2 GHz.
Convergence analysis
A series of simulations is conducted to investigate the effects of mesh resolution on the detonation evolution. The resolution parameters are given in Table 1 . Among the three scales, the viscous scale is the smallest, indicating that a fully resolved simulation should be limited by the viscous scale. As shown in Table 1 , the highest mesh resolutions are all smaller than the viscous scale. Especially for Cases 2 to 4, at least about 10 to 40 cells are within the viscous scale, suggesting that these diffusive scales can be fully resolved except for the shock waves whose thicknesses are only several mean free path lengths. As a compromise between computational costs and numerical resolutions, five-level (Case 2 in Table 1 ) and six-level (Case 3 in Table 1 ) refinements have been used in the following simulations.
Scheme switching
For the hybrid WENO-CD scheme, a switch is required so that regions of strong discontinuities are approximated by the WENO scheme, while within regions of smooth flow the CD scheme is used.
Thus, we applied an improved scheme switching method based on a shock-based detection technique [30] . By utilizing an approximate Riemann solver, the method can both detect the strong shock waves and neglect weak ones, hence avoiding unrestricted usage of the WENO scheme. The structure of double Mach reflection (DMR) is formed near the upper boundary, as shown in Fig.2 . 
Viscosity effects
The hybrid WENO-CD scheme is utilized both for viscous and inviscid detonations. Due to the high resolution and low dissipation of the hybrid scheme, diffusion effect in viscous detonations should be dominated by the physical viscosity, while numerical dissipation in inviscid detonations can be almost entirely avoided. It has been reported that the diffusion effect mainly occurs at shear layers and unburned mixture boundaries [22] . The comparison between viscous and inviscid detonations showed that the growth of secondary instabilities (KH instability type) is suppressed in NS simulations [31, 32] . In Fig.4 , the shear layer, which is also the boundary of burned and unburned mixtures, is present in the DMR structure. It is seen that the DMR structures of NS and Euler simulations are qualitatively similar. The large-scale vortices resulting from RM instability underneath the upper wall behind the detonation front can also be observed. In Fig.4(a) , the small-scale vortices resulting from KH instability along the shear layer are suppressed. In comparison, in Fig.4(b) irregular small-scale vortices are clearly visible both along the shear layer and underneath the upper wall. The results in Fig.4(b) are different from those in [17] where Euler equations are solved with a MUSCL-TVD scheme, which is due to the absence of not only physical viscosity in Euler equations but also numerical dissipation involved in the hybrid WENO-CD scheme. Compared with Fig.4 (b) a more regular structure of the large-scale vortices can be observed in Fig.4(a) . Nevertheless, the large-scale vortices both along the shear layers and underneath the upper wall have almost the same overall structures.
Previous investigations indicate that the large-scale characteristics of a KH instability are visible when the shear layer is highly unstable [33] and the effect of viscosity and diffusion on the large-scale 12 characteristics of a RM instability is negligible [34] . It may be concluded that diffusion effect can easily suppress the small-scale vortices produced by KH instability, but only play a minimal role in the suppression of the large-scale vortices associated with highly unstable shear layers and driven by RM instability. 
Detonation applications in expanding channels
In this section, by solving the NS equations the detonation combustion in expanding channels is investigated for the application in scramjet combustors. Compared with the previously used straight channel, in this section we consider the initial expansion angle to be =  3 o while all other simulation characteristics are identical, as shown in Fig.1(b) . In this section we first examine the propagation of detonation after the injection and shutdown of the hot jet. Then we study the effect of expansion angle on the structure of detonation wave. Throughout this section the supersonic flow of the reactive mixture experiences a Prandtl-Meyer expansion with according flow acceleration in the expanding 13 channel. When initiated, the detonation front is quasi-steady due to the inflow; yet, a slight continuous upstream propagation is noticed. Note that in contrast to the initiating jet, the inflow through the channel from the right never ceases.
Detonation propagation after the injection of hot jet
The structure of the detonation wave after the initiation of the hot jet is shown in Fig. 5 . Figure   5 Fig.5(b) , the flow behind the detonation front undergoes a RM instability due to the baroclinic vorticity production mechanism [35, 36] , and results in generation of large-scale vortical structures. Subsequently a bifurcated detonation is formed resulting from the interaction of the jet flow with the Mach stem behind the expansion fan, as shown in Fig. 5(c) . The large-scale vortical structures due to RM instability are clearly visible behind the detonation front. As the triple point moves downward, the unburned jet becomes elongated and partly burned, while the vortical structures gradually vanish. After the triple point collision with the lower 14 wall in Fig.5(d) , a new detached shear layer is formed. It is shown that for a stable detonation, detonation propagation with the hot jet injection is basically dominated by a laminar flow, where only a limited diffusion effect can occur when the shear layer interacts with the unburned jet flow. Results given in Fig.5 actually illustrate a fully periodic process of detonation propagation in an expanding channel from the new generation to the complete consumption of the unburned jet with an approximate period 1 T 55 μs   . Fig.6 shows the continuous detonation propagation in the expanding channel when the hot jet has been shut down at t = 350 μs . Even though a marginally stable detonation is adopted here, the detonation becomes more unstable and even turbulent compared with the situation of Fig.5. Fig.6 (a)-(b) show the growth of the unburned jet resulting from the expansion fan near the upper wall. In Fig.6(a) , the unburned jet is initially formed and two triple points are about to collide. After the collision of the two triple points, large-scale vortices are generated by the RM instability. During this period, the unburned jet gradually grows longer, as shown in Fig.6(b) . With its attenuation, the detonation front becomes weaker, thus resulting in more secondary triple points which can be inferred by comparing Fig.6(a) and Fig.6(c) . In Fig.6(c) , four secondary triple points coexist simultaneously thus generating more shear layers behind the triple points that undergo KH instability. Previous numerical and experimental investigations showed that in unstable detonations RM instability is the main mechanism for the generation of turbulent structures behind the detonation front [21] , which indicated that the role of KH instability seems to be less important than that of the RM instability [22] .
Detonation propagation after the shutdown of hot jet
However, it is suggested here that the turbulent flow behind the detonation front is mainly induced by the vortex structures along the unburned jet, and that the highly unstable shear layers resulting from KH instability play a major role in the consumption of the unburned jet behind the expansion fan owing to the rapid turbulent mixing at the boundaries between shear layers and the unburned jet. After the unburned jet is fully burned, the released energy is increased and a stronger detonation is generated again, which results in the reduction of triple points and shear layers and the subsequent diffusion effect. As a result, a new unburned jet is formed as shown in Fig.6(d) . Fig.6 also shows an approximately periodical process similar with that in Fig.5 , but the period here is 
Effects of the expansion angle
As discussed in the previous sections, the expansion fan results in the non-uniformity of the supersonic combustible mixture, which subsequently plays an important role in detonation evolution increases the jet flow near the upper wall becomes more apparent and hence we see a large jet flow for 17 the expansion angle of 6 o . As the jet flow becomes larger, more vortices are created due to KH instability along the jet boundary, making the flow highly turbulent as can be seen by comparing Fig.7(a) and Fig.7(e) . The generated turbulence can significantly enhance the mixing rate between burned products and partly unburned gases behind the leading shock and lead to the rapid consumption of the unburned reactants. Furthermore, with highly turbulent flow and with an adequate heat release from the rapid reactions of the unburned jet behind the expansion fan, detonations can propagate faster for larger expansion angles. Thus, at t = 340 μs , the average positions of the detonation front for the three cases are 48 mm, 51.5 mm and 56 mm, respectively. This indicates that as the expansion ratio increases along with the expansion angle, the size of the jet and the level of turbulence behind the detonation front increases. This results in rapid consumption of the unburned gases and hence the energy releases can support the self-sustained propagation of the detonation wave. Note that if the expanding angle is large enough, the detonation speed may not increase monotonously, and even detonation initiation might not be realizable anymore, which needs further study.
Conclusion
To investigate detonation combustion in supersonic combustible mixtures, the two-dimensional reactive NS equations with a one-step and two-species chemistry model are solved numerically using a sixth-order hybrid WENO-CD scheme with an adaptive mesh refinement method. The major results of the present work are as follows:
1.
By comparing the results obtained by solving the NS and the Euler equations, it is found that in the inviscid simulation, small-scale vortices can be observed along the shear layers and large-scale vortical structures behind the detonation front. This behavior is due to the absence of both the physical viscosity in the Euler equations and thanks to the low numerical dissipation of the used hybrid scheme.
2.
The physical diffusion effect inherent to the NS equations can suppress the small-scale vortices; however, it plays an almost negligible role in the evolution of large-scale vortices resulting from both the highly unstable KH instability along shear layers and RM instability behind the detonation front.
3.
In the expanding channel, an unburned jet flow is generated behind the shock front because of the non-uniformity produced by the expansion fan. Due to the diffusion effect of detached shear layers, the unburned jet flow can be consumed through the mixing with the burned product. For a stable detonation, detonation propagation because of the hot jet injection is basically dominated by a laminar flow, where only a limited diffusion effect occurs when the shear layer interacts with the unburned jet flow.
4.
A highly turbulent flow is produced behind the detonation front after the shutdown of the hot jet owing to the formation of multiple secondary triple points and subsequent shear layers. Rather than the commonly known RM instability, large-scale vortices involved in highly unstable shear layers dominate the formation of the turbulent flow and the rapid turbulent mixing between unburned and burned mixture. Through the periodical formation and rapid consumption of the unburned jet, the detonation front can be maintained almost in the same position in the expanding channel.
5.
Larger expansion angles can induce larger unburned jets and subsequently result in vortices due to KH instability of increasing size. The generated turbulence resulting from large-scale vortices significantly enhances the mixing rate between burned and unburned mixtures behind the Mach stem. Although the expansion ratio increases along with the expansion angle, the initiated detonations still propagate more quickly in channels with larger expansion angle.
List of figure captions: Fig.1 Schematics of computational setups. Fig.2 Detonation structure at t = 140 μs obtained using four mesh refinements given in Table (1 
